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Preface -

This report is the result of my attempts {o analyze the
effect of errors in vulnerable area due to the shape of an
aircraft or component. A primary motivation was my interest
in attaining a better understanding of the methods used to
determine the vulnerability of a weapon system, an important
factor in the design evaluation of aircraft.

I wish to thank Dr. D, W. Breuer, my thesit advisor, for
his guidance throughout this effort. I would especially like
to thank Mr. John H. Howard, Jr., for the use of kis ajircraft
model programs, without which thie study might not have been
accomplished, his patient help in developing the computer pro=
gram for drawing objects in a rotated system, and great moti-
vation throughout this effort.

I also wish to thank my wife very much for her patience

and understanding during the trying periods encountered whileg -

completing this study.

vames P. VerStreate
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Abstract

An investigation is made to determine the effect of ob-
ject shape on the calculation of 26 view vulnerable areas from
six orthogonal views by the geometric projection method. Er-
rors in vulnerable area are found for a parallelepiped, a pyr-
amid, a cone, a cylinder, a sphere, a combination of these
bodies, and two aircraft shupes - the 0V-10 and the A-10. The
PO0O1 Antiaircraft Artillery Simulation Computer Program is
used to determine probability of kill variation due tc¢ errors
in vulnerable areas of the aircraft shapes. Errors in vul-
nerable area for the geometric bodies vary from 0% to 70% of
"actual area depending on the object and view. Valnerable area
variations average 6% of actuai vulnerable area for the 0V-10,
13% for the A-10 computer model, aud 14¥% for the A-10 air-
craft. These variations in vulnerable area result in cumuls-
tive probability of kill variations for flights against two
weapon locations of 8.5% and 6.9% for the OV-10, 9.4% and
13.2% for the A-10 computer model, and 14.1% and 15.6% for the

A-10 aireraft.
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I. introduction

Background

Aircraft survivability in a combat environment is an im-
portant factor in the evaluation of both preliminary aircraft
designs and existing weapon systems. This concept has received
increased emphasis as a result of the military experience in
Southeast Asia., Several methods have zeen developed to deter-
mine the vulnerability of an aircraft to different types of
hostile threats. These threats can be antiaircraft artillery,
surface-to-air missiles, air-to-air missiles, or air-to-air
artillery. These threats create damage due to impzct by a
projectile, by fragments from an exploding warhead, or by blast
from the exploding warhead,

An integral part of a survivability analysis for projec-
tile or fragment penetration is theicomp&tatinn of the vulner-
able area of the target aircraft. Vulnerable area, A, is de-
fined as ihat area of a target or component which, if hit by
a specific threat, causes a specified kill of the target, It

is normally e.‘pressed as

A, =P, x AP {1)
where P, is the probability of kill of a target given a ran-
dom hit on the target and A_ is the presented area of the tar-

P
get projected on a plane perpendicular to the shotline of the

threat.
In present methodclogy vulnerable areas are found either

1

g

ot
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by using computer programs which raquire a detailed geometric
description of the aircraft and its components as input, or
by manuzl calculation from scaled engineering drawings of the
aircrait major views. Although the computer method is more
flexible, the cost and tim~ necessary to develop a complete
geometric target description is often not available. There-
fore, the manual calculation method is frequently used. The
ma jor aircraft views available in detailed drawings are nor-
mally limited to three (top, front, and one side) or six cr-
thogonal views (top, bottom, front, rear, and sides). Pre-
sented areas of critical components are measured from these
drawings in order to calcvlate the associated vulnerable area
for each of these six views of the aircraft. These vulner-
able areas constitute the six faces of a theoretical "box."
The present antiaircraft computer simulation model re-
quires an input of vulnerable areas of the aircraft for 26
views, composed of 45 degree increments in azimuth and eleva-
tion about the aircraft., Geometric projection of the six or-
thogonal vulnerabl:: area faces is used to determine the re-
maining 20 oblique views of vulnerable area. This projection
method does not account for shapes other than a "box™ or for
any component shielding on the oblique views., As a result,
errors in vulnerable area are initroduced, affecting probabil-

ity of kill predictions.

Problem
The problem is to determine (1) the effect of object

shape on the calculation of aircraft vulnerable areas and (2)

2

[P

i
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the effect of errors in vulnerable area on the probability of

FHTRT

kill, Py, of an aireraft due to projectile or fragment pene~

tration.

Scope

In this study alrcraft vulnerable areas are computed from

WWWWWM i ,,.;!ﬂ,m»:lh f

measured presented areas for 26 views using computer models of

fll R

the (V-10 and A-10 aircraft. These areas are compared with

vulnerable areas obtained by geometricalliy projecting the six

major view vulnerable areas into 26 views, The difference
between the measured and projected vulnerable areas determines
the amount of error due to s%ielding and shape. Both the pro-
jected and measured sets of vulnerable areas for each aircraft
are used in the Air Force Armament Laboratory P00l Antiair-
? craft Artillery (AAA) Simulation Computer Program to deter-

mine the variation in probability of kill obtained for a speo-

ified flight path and antiaircralt gun threzt.

LR s

LG

A computer program is developed by the author to plot
five basic geometric shapes - a yarallelepiped, a2 pyramid, a

Al

sphere, a cylinder, and a cone - in any orientation. The pre- i

T

sented areas for 26 views of each shape are measured and com-
-3 pared with those obtainec by geometric projection of the six

major view areas to determine the error due +> shape. A com-
é parison of measured ana projsctea sets of presentea areas for

a random combination of these shapes is made to determine the

e error caused by shape and shielding effects.

z:; The egtudy is limited to the investigation of shape vari-
- ation of the two aircraft and five geometric bodies., The mag-

3
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nitude of variations that are found apply only to each speci-

fic case,

Assumptions

An underlying hypothesis to this problem is that tiere
is error in the projection method of vulnerable area calcula-
tions for the P00l AAA Simulation Model, It is assumed that
this error is due to shape and shielding of components that
is unaccounted for by the geometric projection of six major
view areas into 26 areas.

The probabilisty of kill given a hit (?kh) for the air-
craft models and all geomstiric shapes is assumed to be one,
so that presented areas are equal to vulnerabdle zreas. This
agsumption is valid for the larger antiaircraft threats only.
It is used to simplify the analysis and to provide a common
basis for comparison of the magnitudes of vulnersole area var-
jation and probability of kill for the shapes studied.

The OV-10 and the A-10 aircraft skin mocdels are used as
examples of the complex shapes of aircraft for th2 analysis.
The results are not intended to reflect actual vulinerability
statistics for either alrcraft.

In the P00l AAA Computer Program the prediction of all
tracking and gun firing errors is assumed to be correct. This

allows any variation in probability of kill to be only a func-

tion of variation in vulnerable area,
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II. Survivabillty Assessment Methodology

Survivability

Survivability is defined as the capability of a systen

to avoid and withstand a man-made hostile environment without
suffering an abortive impairment of its ability to accomplish
its designated mission (Ref 2i11), The survivability of a weap-
on system is dependent upon many parameters. The probability

that a system will survive {Ps) in a given hostile environment

is expressed mathematically by

P, =1-P (2)

where P is the pr&hability that the system will be killed,
The probability of kill of a system is a function of its vul-
nerability to a hostile threat and the probability that it
will be hit by that hostile threat. Approximate sclutions to
the probability of kill problem are found by developing attri-

tion models which simulate the effect of a specified threat or
damage mechanism against the weapon system. The weapon sys-
tem is input to the atirition model in terms of its vulnera-
bility to the threat, so the first step in the survivability
assessment of a system is & vulnerability analysis.

Yulnerability

Vulnerability is defined as the characteristics of a sys-
tem which cause it to suffer a definite degradation (incapa-

bility to perform the designated mission) as a result of hav-

ing been subjected to a certain level of effects in an unnat-

5
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ural (man-made) hostile environment (Ref 2:12).
Kill Levels.

There are four basic categories of damage

that are used to assess the vulnerability of an aircraft in

flight. These categories define the level of damage required

to make the aircraft incapable of performing its mission.
These are called "kill™ categories and are named attrition,

forced landing, mission, and mission available in decreasing

order of magnitude. The attrition category is divided into

five levels of kill. The first four are sequentially inclu-

sive and time dependent. These kill levels are:

1. KX Kill - damage that causes the aircraft to
disintegrate immediately upon being hit. An-example of this
could be a major structural hit. ’

2, K Kill - damage that causes an aircraft to fall

put of manned control within 30 seconds after being hit. This
could involve the pilot, structure, engine, or ammunition.

3. A Kill - damage that causes an aircraft to fall
out of manned control within five minutes after being hit.

2

Phis might involve hits ir. the engine, fuel system, or flight %
controls. %
4, B Kill - damage that causes an aircraft to fall ;§

out of manned contrel within 30 minutes afver being hit. This A%
could include damage to the engine or fuel system components. <%
:

5. E Kill - damage that causes the aircraft to sus-
tain additicnal levels of damage upon landing such that it is

uneconomical to repair. This could involve hits on the land-

ing gear, controls, or control surfaces,
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The forced landing category covers damage which causes
an aircraft to execute a forced landing. This could be caused f
by damage to hydraulic or fuel lines, the electrical system,
or the engines,
The mission category includes ihat damage which prevents
an aircraft from completing its designated mission and is di-
vided into two ievels:
1. Mission Abort - damage which causes loss of the
mission, but not the aircraft,.
2. Mission Kili - damage which causes an aircraft
to fall out of manned control before completing its designated

mission.
The lowest kill category is mission available, which in-
cludes all aircraft that require repairs before returning to

mission ready status.

Criticai Components. An aircraft is vulnerable to many

kill mechanisms such as blast, fire, fragmentation, and pene-
¥ : tration. The effect of these mechanisms on the critical com-
~ ponents of the weapon system yield its vulnerability. Criti-

cal components are those components that are essential for

; stability, control, or flight of the vehicle within the limits

RO

of a specified kill level., Examples of critical components of
an aircraft are the crewmembers, airframe, engines, fuel sys-
tem, and flight controls. These components are called singly
vulnerable if the loss of any one component results in +he:

= specified kill level. Multiply vulnerable components are those
E; :; which require more than one to be lost in order for the air-
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craft to be killed. Redundant components such as crewmembers
and engines are examples of multiply vulnerable components.

P,y Orce kill levels, critical components, and damazge
nech#gzgms are specified, the level of damage that a component
must sustain to prevent continued operation and the capability
of the various damage mechanisms to inflict such damage can be
determined. The predicted comporient damage is then used to
determine the resultant target rerformance degradation. This
results in component P?h values, which are expressed as a
function of velocity and mass.

Yulnerable Area. Vulnerable area is defined mathemati~

cally %o be

A, =][P(x.y)dydx (3)
AP

where P(x,y) is the probability that the target is defeated
by an impact at the point (x,y) in the plane in which the vul-
nerablc area is to be measured and Ap is the presented area in
that plare. Eq. (3) can be approximated by

=P 5§ + P A + sese + P A ’ (l"}
A = Penytp; * Finte, kh7P;

where the Aps’s are the projected areas of the critical com-

ponents and the thj's are the kill probabilities given a hit

on these components (Ref 4:18).
Vulnerable area is a function of several parameters.,

First, it depends upon the characteristics of the attacking

i
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i
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projectile. These characteristics include the striking veloc-
ity and size of the projectile; which determines its kinetic
energy at impact. Second, the desired kill levels define the
amount of damage to a critical component that is necessary to
cause its loss and the subsequent kxiii of tle aircraft. This
damage is caused by a specified kinetic enerzgy level of the
projectile. Third, the encounter conditions between the pro-
jectile and the aircraft are required to completely describe
the hostile environment. The relative orieantaticn between the
attack trajectory and the aircraft at the point of projectile
impact in terms of azimuth and elevation angle determines the
presented area to the threat. The altitude and range from the
hostile weapon determines the projectile velocity. This veloc-
ity and the aircraft velocity determine the impact velocity.
Pinally, the aircraft characteristics describe the critical
components, the criteria necessary to damage them, and their
arrangement to determine the amount of shielding of one com-
ponent by another, Shielding varies with the attack aspect
of the projectile,

Presenied zZrea can be calculated manually through the
vse of engineering scaled drawings of the aircraft or photo-
graphy of scaled models, or it can be calculated by computer.
The manual method of calculation is accurate, but it is also
time consuming and normally limited to the available aircraft
major view drawings. Vulnerable area data for other views
must be generated artificially from the major view data. The
computer methods for finding vulnerable area require a de-

tailed geometric description of the target aircraft and the
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accurdcy of vulnerable area data is dependent upon the accu-

racy of this aircraft description.

Target Description

Target descriptions consist of basic information relative
to dimensions, external configuration, location of components,
thickness and composition of materials utilized in construc-
tion of the target and its components.. Most target descrip-
tions in use consist of shotline descriptions which are gen-
erated from 2 model of the target. This model may be in the
form of engineering drawings or a three-dimensional geometric
model of the target, which is used as input %o shotline gen-
erating computer programs. The shotline is designed to pre-
dict the possible trajectory of some threat through a target.
Each shotline is used to predict thickness and angles of in-
tersection made with elements of the target. Shotline infor-
mation can pe obtained manually or by computer methods., MAGIC
and SHOTGEN are two computer programs currently being used for
this purpose. Both programs rave cimllar outpat, but they
differ in target modeling. The MAGIC target model is based
on the combinatorial geometry method, which consists of de-
scribing target surfaces in terms of simple geometric bodies
such as boxes, wedges, spheres, cylinders, cones, and ellip-~
soids. The SHOTGEN target model is based on the triangular
approximation method in which all component surfaces are de=-
scribed with adjacent triangles.

Both of these target description models require extensive

time to develop, and the MAGIC and SHOTGEN computer programs
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that use them can require up to two hours of computer time to
generate the shotline output for two views of a complex air-
craft such as the F-4., As a result, xany vulnerability anal-

yses are still accomplished manually.

Yulnerable Area Generation

If shotline data for projectiles or fragments i: .vail-
able, it can be used as input to the VAREA or COVART caouputer
programs to determine vulnerable areas for any aspect of the
target. The threat characteristics, conponent damage func-
tions, and kill levels are specified and the kill contribution

of each vulnerable component is computed using either a curve

or a ste§ function to relate the penetrator's striking mass
and velocity to a conditional kill probability. Vulnerable
area is developed by computing the conditional kill proba-

bility, th, of each shotline and taking the product of 1 2908
and the area associated with each shotline. Summing all »f
the shotline vulnerable arecas defines the target vulnerable
area.

If vulnerable area calculstions are accomplished manually,
the results are normally based on the six major views of the
target.r The vulnerable areas of the critical components are
summed for each view, including any componernt shielding. If
any additional vulnerable area views are required, they are
usually found by geometric projection of the adjacent major

view vulnerable areas.

11
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Threat Attrition Model

Once vulnerable area data has been found it is used as
input to the appropriate threat attrition model to determine
the probability of kill of the target. In order to find the
probability of kill of the aircraft the probability of hitting
it, P,, must be evaluated. The probability of hit is expressed

mathematically by

P, = [[P(X.y)éxdy (5)
A

where A is the presented area of the aircrait and P(x,v) is a
prcoability density functioniacccancing for errors in gun
tracking and firing (Ref 1:50). The probability of kill is
then the probability that the projectile hits within the vul-
nerable area of the aircraft.

P00l Antiaircraft Artillery {(AAA) Simulation Computer

Program. This pregram, developed by the Air Ferce Armament
Laboratory, is used to determine the probability of kill of a
target aircraft flying a predefined fiight path against spec-
ified AAA threats. The program analyzes the sources ¢f ran-
dom error which influence the effectiveness of the AAA., These
errors include pi. 'iction of an aim point, firing process er-
rors, and uncertainties and perturbatiors which arise exter-
nally to the weapon system. A4ll of these sources of randem
error, which contribute to the distribution of projeciile tra-

jectories, are assessed by the program in order to locate the

vulnerable area of the aircraft within this total distribution

of trajectories and to compute a prcbability of kill.
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The program requires vulnerable area data for 26 views
of the aircraft, corresponding to 45 degree increments of az~-
imuth and elevation about the aircraft. These combinations
of azimuth and elevation locate points on an imaginary spher-
ical surface surrounding the aircraft. A line from these
points to the center of the aircraft represents a direction
of view or a shutline of an impacting projectile. Azimuth is
an angle in the horizontal plane referenced from the front of

the aircraft on the X axis and is positive in a counterclock-

g
E
%
E
i
e
¢

wige direction. Elevation is an angle in a vertical direc-
tion referenced from the X-Y plane and is pcsitive above this
plane. The orientation of the 26 views about the aircraft is
illustrated in Fig. 1. As an example, view 23 represents a
viewing aspect of the aircraft from &5 degrees azimuth and 45
degrees elevation on a sphere.

Vulnerable areas correspondiag to eight striking veloc=-
ities are input for each of the 26 views of the aircraft,
This builds a three-dimensional array which is interpolated
using impacting aspect and velocity of each shot at the air-
ceraft to determine the vulnerable area exposed to that shot.
Knowing this vulnerablevarea and the location of tﬁe aircvaft
with respect to the center of distributicn of the proj:ctile
trajectories, the probability of kill of the aircraft is the
sumnation of the probabilities of a projectile being lccated
anywhere within this vulnerable avea at the time of intercept
(Ref 5ivii).

The POOl prosram uses a deterministic technique in which

A
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Figure 1. The 26 View Vulnerable Area System.

the distributions of the effects of all random errors are com-
bined to form a probability distribution of projectile tra-

jectories, centered about a "mean®™ aim point. This technique

assumes that the respective distributions of the effects of
random errors are Gaussian {Ref 6:11-3), Using the bivariate
nornal distribution of random effects, the interpolated vul-

nerable area for the projectile impact aspect, and the loca-
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tion of the aircraft, the single shot probabilit& of kill
(Pkss) is computed by the formula

Ref 612-51
f_v_ S 2 + A ( 12=5 )
1 27 2 2! (6)

where Av is the vulnerablé area, Sfi and Sfi are total error
variances, and f,bias and fabias describe the aircraft’s lo-
cation., Any error in thes interpolated value of vulnerable
area due to the 26 view values input to the program will cause

an error in probability of x£ill.
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III. Procedure

General

The magnitude of error in vulnerable area produced by the
geometric projection of various shapes is to be determined.
Actual presented area data can be compared with projected area
to evaluate this error. Data for 26 views of any aircraft is
not generally available, but a computer program for rotating
and plotting scaled models of two aircraft does exist and is
used to obtain thls data. Presented areas for some basic geo-
metric bedies are found with the use of a computer program
that plots them in any desired aspect, Finally, vulnerable
area data can be used in POC1l to determine the magnitucda of

error in probability of kill caused by error in vulnerable

area.,

Aircraft Computer Models

Scaled plots of the A-10 and 0V-10 aircraft skin models
are generated by a computer program. Tiis program allows the
scaled models to be rotated and plotted for any combination
of azimuth and elevation. The basis for this rotation program
is an Euler angle transformation matrix with azimuth angle
representing a rotation about the Z axis and elevation angle
angle representing a rotation about the Y axis. 4zimuth is 0
on the X axis and positive in a counterclockwise direction to
180 degrees and 2levation is 0 in the X-Y plane and positive
above that plane as shown in Fig. 2. The aircraft is oriented
in the reference frame with its longitudinal axis aligned with
the X axis and its lateral axis ﬁligﬁéﬁiﬁiiﬁ the Y axis.
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The desired values of azimuth ancd elevation for the re-

quired views are input tu the program with the desired plot

size of the aircraft,

These views are ploctted and labeled

with azimuth, elevation, and scale factor. Examples of the

OV-10 and A-10 plots are shown in Fig. 3 and Pig. 4.

Symmetry of the aircraft shape about the X-Z plane re-

sults in only nine distinct views necessary to completely

represent the 26 views of the aircraft.

These distinct views

and the corresponding equivalent views using the numbering

system of Fig. 1 are listed in Table I.

Table I.

Distinct Fresented Area Views and the
ws for the 25 View System*

Equivalent V

E
A

Distinct Views

1l

N N

10
11
12

Equivalent Views

26
22
Ts 21, 23
8, 20, 24
7y 19, 25
18
14
13, 15, 17
16

*Refer to Fig. 1 for information on the view numbering system.

Presented Area Measurement

Once the required aircraft views have been obtained in

plotted form from the computer the presented areas are plani-

metered using a Hewlett Packard 2810 Calculator with an attached

digitizer.

The plot is placed on zn electromagnetic digitizing

18
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surface and an electronic cursor is used to trace the outline
of the aircraft. Points along this outline are recorded as

X-Y coordinates {o the calculator as the cursor crosshair is

moved along the outline. The calculator, “hrough one of the

programs available to it, integrates the area between these

identified points and designated X and Y axis baselines on the

digitizing surface. After the aircraft outline is completely

traced the total presented area in square inches is displayed

by the calculator. The scale factor of the aircraft plot is

then used to convert this presented area into actual area of
the real aircraft for that view., The data obtained by this

method is accurate within 2% of actual area. B

Geometric Projection of Major Views

The presented areas for the major views of the aircraft,

assuming symnetry, form a six-sided " box"™ that can be used to

generate the remaining 20 views by geometric projection. The

oblique views involve 45 degree projections only. A simple

computer program is used to find the 26 viaw presented areas

from those of the six major views, These results are then

compared to the measured view data to determine the variation

due to projection., The aircraft majcr view plots used to de-

termine the presented areas for the expaiision to 26 views are

shown in Fig. 20 - 25 in Appendix C,

Probability of Kill Determination

The 26 view sets of vulnerable area, both measured and

projected, for the 0V-10 and A-10 models and the actual A-10

21
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aircraft are used in the P00l AAA Simulation Program to obtain
probability of kill, All other input parameters for each com-
puter run remain the same so that the effect of vulnerable
area differences on probability of kill can be determined.

The P00l program requires input information describing
the time history of the flight path and its attitude in rela-
tion to a general reference system. Input is also required
on the ground weapon location, characteristics, reaction and
tracking times, weapon parameters and weapon projectile para-
meters. A typical aircraft dive bomb delivery flight path is
ugsed, which provides sufficient aircraft maneuvering to change
the firing aspect of a gun throughout its firing range. The
aircraft approaches the target at 15,000 feet altitude and
560 knots, performs a 45 degree dive delivery to 3500 feet

above the target located at the origin af'the reference sys-

tem, climbs away from the target and returns to 15,000 feet.

One large antiaircraft gun is placed in one of iwo loca-
tions to fire at the aircraft during any one flight path. Gun
location 1 is located with the target at the reference system
origin. Gun location 2 is offset 500 meters in the Y direc-
tion from the origin. All gun and projectile parameters are
automatically inciuded in the program for several antiaircraft
guns and the proper ones are called by a code used to identify
the type of gun to be used (Ref 612-22). The reference sys-
tem, flight path and gun locations are shown in Fig. 5.

The output of the P00l program includes vulnerable

interpolated from the input set of vulnerable area data
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each shot fired by the gun at the target, the wrobability of
ki1l for that shot, and the cumulative probabiliwvy of kill for
the flight path. Since all conditions are the same Yor each
computer run except the input vulnerable area set, the inter-
polated vulnerable areas for each shot can be compared for

both the measured and projected vulnerabie area data.

Y

Gun Location z;fz/f

Gun Location 1

Pigure 5. POOl Coordinate System with Aircraft Flight Path
and Gun Locations,.
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Eq. (6) shows that the probability of kill is a function
of vulnerable area, gun associated errors, and aircraft loca-
tion, When comparing the probability of kill obtained with
measured vulnerable area data to that obtained using projected
vulnerable area data, the gun errors and aircraft location are
constant for ths same shot in the flight path. Therefore, any
difference in the probability of kill is due to the difference
between the measured and projected vulnerable area values for
that shot. The vulnerable area terms in the denominator of
Eq. (6) are small compared to the magnitude of the error var-
iances, so the denominator is basically a constant. The ex-
ponent, A, is very small because the bias terms are alsc small
when compared to the magnitude of the variance terms in that
exponent. This makes the exponential term, e"f approximately
one., Therefore, the probability of kill is neariy a linear
function of vulnerable area, and probability of kill variation
is approximately equal to vulnerable area variation for each

snot.

Geometric Shapes

A further investigation of area variation:due to various
shapes is conducted using five basic geometric bodies. These
bodies are a parallelepiped, a pyramid, a cylinder, a cone,
and a sphere. These are standard shapes and could be used
individually or in some combination to simulate critical com-
ponents of a weapon system.

A computer program was developed by the author to plot

these shapes in any orientation with respect to a reference

24
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system to find their presented areas for 26 views. This pro-

P —

gram is described in Appendiz B.

s

Presented areas are found from the plots of these indi-

vidual shapes using the digitizer and the major view arcas

are projected to 26 views for comparison with the measured

A

data to find the error due to projection.

Wit

' i
M R

A combination of the five geometric sh.pes is used for

an analysis of area variation. Shielding of one component by

another component is accounted for in measuring the areas of

[

S ———

each rotated view. In this combination all five shapes are

designed to have nearly equal volumes. The spher o :sed as

a contrel, since it has constant presented area for any aspect,

o

and the volumes of all of the shapes are within 5% of the vol-

ume of the sphere., The combination of shapes is shown in Fig.

6 in their orientation and fixed positions on a plane. Other

views are illustrated in Pig. 26 - 37 in Appendix C.
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IV. Analysis, Discussion, and Recults

Vulnerable Area Variation

The variation in vulnerable area is obtained by subtract-
ing the measured area from the pr:jected area for each of the
26 views and this difference is expressed as a percentage of
the measured area. Tne results are given in graphic form in
Fig., 7 - 11 for the geometric shapes and in Fig. 13 - 15 for
the three aircraft considered. Fig. 72 illustrates the area
variation for the combination of shapes. The lines used on

the graphs are for emphasis of the 25 view data only and are

not to be interpreted as continuous curves between each data

point. The data on which these graphs are based is tabulated
in Appendix A.

Influencing Factors. Several factors influence vulner-

able area and iis variation. These are true length repre-
sentation in the projection of surfaces, shielding, proba-
bility of kill given a hit variation, and orientation of ob-
jects,

" A source of error in the projection method is the loss
of true length representation of lines or surfaces. When an
ohject is projected on a plane, true length is not preserved
unless the projecting plane is parallel to the object surface,
When presented areas are obtained for the six orthogonal ma~
Jjor views of an aircraft or component, the surfaces of that
body are projected on the planes of a theoretical box. When

the areans on these six planes are then projected to a view in
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‘a non-parallel plane, area representation is no longer accu-

rate, if true length was not maintained in the original pro-

jeetion to six faces., For example, the parallelepiped used

in the geometric shape analysis is oriented such that its

sides are parallel to the projecting surfaces of the six major

views, Therefore, the areas of its sides precject accurately

and true length is preserved, When these views are then used

as projecting surfaces to obtain 26 views, no error in area

is generated. This is illustrated by the results of Fig. 7.

The other shapes do illustrate error because some of their

surfaces are not parallel to the original six projecting

planes,

Another source of error in area representation occurs

because of shielding. When the presented areas are measured

for the six major views, any shielding of components is auto-

matically included. Shielding is dependent on the viewing

aspect., When these tix major views are projected to generate

other views, the resulting areas for those generated views

include only the shielding of ithe major projecting views, and

any shielding that may exist in the actual view that is being

generated is not considered. Shielding is not a factor in the

five individual geometric shapes studied, but it is a factor

in the aircraft and combination of shapes computations.

The v»rotability of kill given a hit can influence vul-

nerable area variation., Different values of Pyp may be assigned

to various parts of an object because of material differences

or construction, These th's are used to compute the vulner-

able areas from presented areas for ezach view, If this occurs
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on a major view, any projection of this plane includes this
th relationship and does no£ account for a different th ithat
may exist for the view being generated.

A change in orientation of the object with respect to the
reference system changes the six major view areas and the 26 =
view areas will diffsr from those of any other orientation.
In this study the results are applicable only to the particu-

lar objects and their assumed orientation,

Geometric Shapes. Area presentation iz accurately gen- |

erated for all projections on the level elevation plane for
the pyramid or cylinder, as Fig. 8 and 9 illustrate, because —

t.e projecting surfaces maintain the true length relationship

N ot

in the plane of projecticn. However, substantial error is
generated in the 45 degree elevation views because some of the
projecting planes do net have the true length preserved,

A 41% error in vulnerable area occurs in views 4, 8, 20,
and 24 of the sphere. The areas of these views are found from
the projection of two major view planes. A 71% error occurs
in views generated by the projection of thres orthogonal planes,
as illustrated in Fig. 10. This error should be 73.2% and the

difference is caused by the 2% inaccuracy of the planimetering

process. The cone has a similar pattern of area variation in

Fig. 11 with error magnitudes almost egual to those of the

sphere,

s

== The area variation illustrated for these basic geometric

WW

WWIWM‘

shapes 1s characteristic of their orientation in the refer-

A

enre system and their size relationship of length, width, and
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height. A change in any of these parameters would result in

different area for each view and different variation due to

projection.
Combination of Shapes. The five basic geometric shapes

were combined as shown in Rig. 7 to analyze a system involving
both share and shielding effects. The results are shown in
Pig. 12. Only 13 distinct views are required to descrive the
26 views for area measurement due to symmetry. These vViews

are illustrated in Fig. 26 - 37 in Appendix C.

g e

Fig. 12 illustrates two results. First, it shows the

= amount of vulnerable area variation due to projection, which
includes the effects of shielding and shape. Second, the
dotted line represents the percent of actual presentgd area

of each view that is shielded. Since the geometric figures

™

are located in the same horizontal plane, most of the shield-
ing effect occurs in those views in that plane, Views 1l and
15, which show the greatest area variation due to projection,
alsc contain the largest amount of shielded area., Both shape

and shielding cause this variation. Views 10 and 12, the two

major views that are projected to determine the area of view

11, contain 25% and 29% shielded area respectively, which

VAL AR

contributes to the error in view 1l area.

iy

W

!
il

M

Twelve of the 26 views show a vulnerable area error of

20% or more due to shape and shielding effects. These errors

would be a source for uncertainty, if used for probability of

kill calculations.
Aireraft. The area variation for the aircraft studied
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is causcd botbh by shape and shielding effect. The 0OV-10 has
the largest errors generated in views 2, 6, 18, eand 22, as
shown in Fig. 13, which are 45 degrees above and below the
nose and tail of the aircraft. The error is generated pri-
marily because of shape, since there is very little shielding
in these views or in the major views used to determine these
areas.

Only 3% error occurs in views 11, 13, 15, and 17, the 45
degree views in the level elevation plane., There is consid-
arable shielding in these views as well as in views 12 and 14,
the side views used to generate the areas of these views,
This shielding effect in the side view seems t¢ balance the
shielding that exists in the actual 45 degue< views, resulting
in little error.

The A-10 computer model error in vulnerable areas is il-
lustrated in Fig. 14. This aircraft is modeled with less
curvature of surface than the OV-10 model. As such, the major
views will project with less error due to shape than with the
0V-10. Also, there is little shielding effect in the major
views, except for the engines and the vertical tail surfaces
in the side view as shown in Fig. 24 in Appendix C.

The largest errors in area presentation occur in views
11, 13, 15, and 17, the non-major views int the level eleva-
tion plane. These views contain large shielding eifects,
which are not compensated for in the projention of the two
major views used to generate these views geometrically. The

sams effect occurs in views 5, 7, 19, and 25, which show sig-

37
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nificant error in aresz.

The actual A-10 aircraft area variation presented in
Pig. 15 shows the same general form as that of the A-~1C com-

putsr model, as would be expected, but the magnitudes of error

|||||||||||||||||||||||!|||||||I||||||||II?"||||’!iiiIIl'!'n‘ll’,||||||||||||||||IIII|||I|||||||I!||,H_‘NWNIIIIHIIINI

are somewhat different because of the variation in areas be-

tween the actual aircraft and the computer model. This varia-
tion occurs because the model is only an ipproximation and the
actual A-10 dimensions used are for a different series air-

This accounts for the dif-

craft than was used for the model.

ferences in magnitude of variation between Fig. 14 and 15.

Probability of Kill Variation

The probability of kill variation for each shot is shuwn
in Pig. 16, 17, and 18. All three figures s..ow the same gen-

eral trend because the given conditions of flight path, gun

The hump in the curves

- location, and gun type were used.

represents the dive delivery portion of the flight path with

a peak at shot number 18 coinciding with the point of closest
apvroach to the target.
In addition to individual shot probability of ..ill, the

cumulative probability of kill for the flight path is computed

by the POOl program. The results for the three aircraft are
given in Table II.
The vulnerable zrea of the A-l0Q is approximately twice

that of the 0V-10 for all views and the cumulative probability

of kill results reflect this relationship. This zfoes not

necessarily relate to the cumulative probability of kill vari-

e T P o

ation, however. The larger A-10 does show a greater variation %
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Table 1I.

Cumulative Probability of Kill Variation Per
Flight for Measured vs, Projected
VYulnerable Area of the Aircraft

OV-10 Model A-10 Model A-10
Vulnerable Gun Location
Area 1 2 1 2 1 2
Projected .00733 ,00875 ,0139 0164 L0143 .0170
Measured - ,00675 ,00818 .0127 ,0145 ,0125 LOl45
(%)
Pk Yariation 805 6.9 9.“’ 13-2 llhl 1506

in cumulative probability of kill than the 0V-10, which is a
% direct.consequence of the greater probability of kill varia-
tion per shot as shown in Fig. 16 and 17, The difference in

vulnerable areas for the A-10 computer model and the actual

: aircraft data results in a large change in probatility of kill

variation for gun location 1, but not for gun location 2. The

larger aircraft do display larger variations in both individ-

ual shot probability of kill and cumulative probability of
= kill.

The average error for the 0V-10 26 view projected vulner-

able area is 6%. This results in a cumulative probability of
. kill variation of 8.5% and 6.9%, respectively, for flights
against gun locations 1 and 2. During these flights the max-
imum variation in single shot probability of kill is 14% and
12%.
2 It sk 1d be noted that the cumulative probability of

=1:} kill varia.’'on 3 based only on those vulnerable area views

ks
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required Zor interpolation during the flight path used in this

study, and may not include all 2€ views in this average varia-
tion.

The A-10 computer model average error for 26 view pro-
jected vulnerable area is 13%#. This error results in cumula-
tive probability of kill errors of 9.4% and 13.2% for the two
flights, with maximum single shot probability of kill errors
during these flights c¢f 22.5% and 20.6%.

The A-10 aircraft average error for 26 view projected
vulnerable area is 14%. This error results in cumulative
probability of kill errors of 14.1% and 15.6% for the two
flights, with maximum single shot probability of kill errors
during these flights of 24.,2% and 24.9%.

L R R
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V. Conclusions and Recommendations

R

An investigation of the effect cf certain shapes on the

error in 26 view vulnerable area calculated by the geometric

projection method has been conducted. It can be concluded

that, while individual view vulnerable area variation can be
very large, the average variation is approximately one-half
this maximum value for the five basic shapes, the combination
of shapes, and the aircraft shapes considered. The combina-
tion of geometric shapes and the aircraft vulnerable area
variation averages are less than 15% of actual area. The
results of the effect of vulnerable area variation on prob-
ability of kill show that the cumulative probability of kill

variation is approximately equal to the average variation in

vulnerable area. For the aircraft considered this variation

in probability of kill is 16% or less.

Recommendations for further study of vulnerable area
effects are as follows: (1) 4An analysis of the amount and
effect of vulnerable area variation on the probability of

kill of a complete operational weapon system could be conduct-

SN, ¥t e T O Wyl

ed to compare with current estimates of system vulnerability,

LA

(2) The sensitivity of lumped vulnerable area vs, distribu-

" i

ted vulnerable area on grobability of kill of a weapon system

(];lll“,mll;’\ r"w Ly
[

could be investigated, and (3) A study of the sensitivity of

probability of kill to antiaircraft gun tracking and firing

errors for the P00l Computer Program could be conducted to

compare the magnitude of its effect with that of vulnerable

area variation.

i’
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E Table III.
% Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views
% of the Parallelepilped
% View  pnemle de 0 # Variation
: 1 3.35 3.35 0
1 2 3.15 3.15 0
E 3 4,18 4,18 0
L 4,14 4,14 0
% 5 4,18 4,18 0
- . 6 3.15 3.15 0
E £ 7 4,18 4,18 0
& 8 4,14 b1k 0
; s 9 4,18 4,18 0
10 1.16 1.16 0
= 11 2.56 2.56 0
- 12 2.51 2.51 0
= 13 2.56 2.56 0
14 .16 1.16 0
15 2.56 2.56 0
16 2,51 2.51 )
= : 17 2.56 2.56 0
18 3.15 3.15 0
19 4,18 4,16 0
20 4,14 4,14 0
21 4,18 4,18 0
22 3.15 3.15 0
i 23 4,18 4,18 0
] 2 4,14 4,1k 0
E 25 4,18 4,18 0
. 26 3.35 3.35 0
50
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Table IV,

Percentage Variation Between Measured and

Projected Vulnerable Areas for 26 Views

of the Pyramid

Yulnerable Area (le

% Variation

?iew Measured Projected
1l 3435 3.35 0
2 3.19 3.74 17.44
3 3.16 4,32 36450
h 3.19 3.74 17.44
5 3.16 4,32 36.50
6 3.19 374 1744
7 3.16 4,32 36.50
8 3.15 3.74 17.44
9 3.16 4.32 36.50
10 1.95 1.95 0
11 2.76 2,76 0
12 1.95 1.95 0
13 2.76 2.76 0
14 1.95 1.95 0
15 2,76 2.76 0
16 1.95 1.95 ¢
17 2.76 2.7A 0
18 3.16 3. . 17.44
19 3.16 4,52 36,50
20 3.19 3.74 R
21 3.16 4,32 36,50
22 3.19 374 17.44
23 3.16 k.32 36.50
24 3.19 3.74 17.44
25 3,16 4,32 36.50
0

335

3.35
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Table Vv -
Percentage Variation Between Measured and

Projected Vulnerzble Areas for 26 Views

of the Cvylinder

Yulnerable Area (ﬁz)

% Variation

e A

ZEEW Measured _ Projected
1 3.35 3435 0
2 3.19 3.19 0
3 3.39 4,62 36.23
b 335 k.73 41,43
5 3.39 4,62 36.23
6 3.19 3.19 0
7 3.39 4,62 36.23
8 3.35 4,73 41.41
9 3.39 4.62 36.23
10 1.17 1.17 0
11 3.19 3.19 0
12 335 3.35 Y
13 3.19 3.19 0
14 1.17 1.17 0
15 3.19 3.19 0
16 3.35 3.35 Y
17 3.19 3.19 0
18 3.19 3.19 0
19 3.39 4,62 36.23
20 3.35 4,73 41.41
o 3.39 4,62 36.23
22 3.19 3.19 0
23 3.39 k.62 36.23
24 3.35 4,73 41.41
25 3.39 4,62 36.23
26 3.35 3435 0
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9 £ Table VI.
_ é? Percentage Variation Between Measured and
> £ Projected Vulnerable Areas tor 26 Views
= £ of the Sphere
% qulnsratie oros i) # Variation
- 1 2.63 2.63 0
0 2 2.63 3472 4142
= 3 2.63 448 70.69
| 4 2,63 3.72 41,42
g 5 2,63 42 70,69
g 6 2,63 3e72 41.42
g 7 2.63 4,48 70,69
% 8 2,63  3.72 41.42
g 9 2.63 4,8 70,69
4 % 10 2,63 2.63 0
11 2.63 3.72 41.42
% 12 2.63 2.63 0
i 13 2.63 3.72 41,42
g 14 2.63 2.63 0
E [ 15 2,63 3.72 41,42
. 16 2.63 2.63 0
' 17 2.63 3.72 41,42
£ 18 2,63 3.72 41,42
; 19 2.63 4,48 70.69
= : 20 2.53 3.72 41,42
. 21 2,63 .48 70,69
N 22 2463 3.72 41,42
= R 23 2.63 4,48 70,69
i 24 2.63 3.72 41.42
25 2.63 4,48 76.63
i 26 2,63 2,63 ¢

53
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Table VII,

Percentage Variation Between Measured and

Projected Vulnerzble Arcas for 25 Views

of the Cone

s omie asee () # variation

1 2,60 2.60 0

2 3.73 5.14 37.83
3 3.29 5.47 65.26
L 2,60 3.67 k1l.45
5 3.29 5.47 66,26
6 3.73 5.14 37.83
7 3.29 .47 66.26
8 2,69 3.67 41.45
9 3.29 Selt7 66,26
10 4,67 4,67 0
11 3.73 5.14 37.83
12 2.60 2.60 0
13 3.73 5.14 37.83
14 4,67 4,67 0
15 3473 S5¢14 37.83
16 2.60 2,60 0
17 3.73 S5.14 37.83
18 3.73 5.1% 37.83
19 3.29 5.48 66,26
20 2,63 3.8 41.45
21 3.29 S5.46 66.28
22 3.73 5.1% 37.83
2 3.29 5.48 66.26
24 2.6¢C 3.68 41.45
25 3.29 5.48 66.26
26 2.60 2.60 0

=
=
=
%
9
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Table VIII.

Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views
of the Combination of Shapes

»

it ]

1A ot Ao

| vien hulmmrase o i) # variation
3 1 15,26 :5426 0
8 2 15.89 16.80 5.70
; 3 16.69 20.18 20.75
: 4 15.90 17.96 12.95
: 5 16.29 20,10 23.40
- 6 15.89 16.80 5.70
7 16.43 20,10 22,3k
8 15.77 17.96 13.84
9 16,64 20,10 20,80
10 8.49 8.49 0
M 11 10.35 13.17 27.30
Y 12 10.13 10.13 0
13 10,97 13.17 20.05
14 8.49 8.49 0
15 10,34 13.17 27.30
16 10.13 10.13 0
17 10.97 13.17 20,05
18 15.89 16.80 5470
19 16.43 20,10 22,34
20 15.77 17.96 13.84
21 16,64 20.10 20.80
22 15,90 16.80 5,70
23 16.64 20,10 20,75
24 15.90 17.96 12,95
25 16,29 20,10 23.40
2 15.26 15.26 0
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Tavle IX,

Percentage Variation Petween Measured and

Projected Vulnerable Areas Inr 26 Views

3f the OV-1C Computer liodel

View %gigiizgle $§§3§%§§§ % Variaticn
1 40.87 40,87 0
2 29.50 34,41 16.64
3 36.60 4¢,22 9.89
4 39.95 39.39 «1.40
5 36.39 40,22 10.52
6 30.09 34,41 14.36
7 36.39 4o,. 10.52
8 39.95 39.39 -1,40
a 36.60 4o,22 9.89
10 7.80 7.80 0
11 15.52 16.00 3.09
12 i4.83 14,83 0
13 15.52 16.00 3.09
14 7.80 7.80 0
15 15.52 16.00 3.09
1€ 14,83 14.83 0
17 15.52 16.00 3.09
18 30.09 34.41 14,36
19 36.39 40,22 10.52
20 39.95 39.3¢9 ~1.40
21 36,60 40,22 9.89
22 29.50 34.41 16.64
23 36.60 40.22 9.89
2k 39.95 39.39 -1.40
25 36.39 40,22 10,52
26 40.87 40.87 0
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Table X.

7 Percentag- Variation Between Measured and

Projected /ulnerable Areas for 26 Views

of the A-1C Computer iodel

el 4o L) # variation
E 1 77..9% ?77.9% 0
g 2 62.19 65.63 5.53
e 3 65426 75.62 15.87
E 4 65439 73,59 12,54
- 5 61.95 75.62 22.07
' 6 56457 65.63 16.02
% 7 61.95 75.62 22,07
E 8 65439 73.59 12.54
E 9 65.26 75.62 15.87
: 10 14,88 14,88 0
“ 11 23.34 29,00 24,25
&) 12 26,13 26,13 0
13 23.34 29,00 2L, 25
b 14,88 14.88 0
15 23,34 29,00 2.3
16 26.13 26,13 \
17 23.34 29.00 24,25
18 56457 65.63 16.02
19 61.95 75.62 22.07
20 65.39 73.59 12.54
21 65.26 75.62 15.87
22 62.19 65463 5.53
23 65.26 75.62 15.87
24 65.39 73.59 12,54
25 61.95 75.62 22,07
26 77-94% 77.9% 0
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Table XI.
Percentage Variation Between Measurec and

Projected Vulnerable Areas for 26 Views

of the A-10 Aircraft

hzertle ree ) # Variation

1 79.99 79.99 Y

2 61.32 67.30 9.75
3 65.78 76.59 19.47
i 66.39 76.98 15.95
5 62.62 78.59 25.50
6 53.89 67,30 24,88
7 62.66 78.59 25.50
8 66.39 76.98 15.95
9 65.78 78.59 19.47
10 15,19 15.19 0

11 27.13 31.16 ik.85
12 28.87 28.87 0

13 27.13 31.16 14,85
14 15.19 15.19 0

15 27.13 31.16 14,85
16 28.87 28,87 0

17 27.13 31.16 14,85
18 53.89 67.30 24.88
19 62.62 78.59 25.50
20 66.39 76.98 15.95
21 65.78 78.59 19,47
22 61.32 67.30 9.75
23 65.78 78.59 19.47
2h 66.39 76.98 15.95
25 62.62 78.59 25.50
26 79.99 79.9% 0
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Table XII.

Percentage Variation Between POOl Calculated
Vulnerable Areas Per Shot Using QV-10
Measured vs. Projected Vulnerable Arca

Data for a Flight Against Gun Location 1

Vulnerable Area (Mz)
__Measured  Projected
10.07 10.48 4,07
9.59 9.92 3.0k
9.25 9.52 2.92
8.99 9.21 2.45
8.80 9.00 2.27
8.68 8.85 1.96
8.59 8.74 Le75
8.53 8.67 1.64
8.47 8.61 1.65
8.54 8.68 1.64
9.59 9.94 3.65
11.24 11.91 5.96
13.21 14,26 795
15.36 16.82 9.51
17.36 19.21 10.65
19.98 22.34 11.81
23.72 26.81 13.03
27.98 31.89 13.97
31,78 35.42 11.45
34,86 37.27 6.91
38.57 39.49 2.39
38.41 39.47 2.76
22.70 2k.39 744

% Variation
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Table XIII.
Percentage Variation Between P00l Calculated

Yulnerable Areas Per Shot Usineg 0V-10

Measurea vs. Projected Vulnerable Area

Data for a Flight Afainst Gun Location 2

Vulnerable AreaAﬁM%L

Shot % Variation
Measured Projected )
1l 11.11 11.66 4,95
2 10.80 11.28 4,81
3 10.61 11.03 3.96
4 10.47 10.86 3.72
5 10,41 10.78 3.55
6 10.40 10.76 3.46
7 10.43 10.78 3.36
8 10,48 10.84 3,44
9 10.56 10.93 3.50
10 10.75 11.14 3.63
11 11.83 12.41 4,90
12 13.62 14.52 6.61
13 15.76 17.03 8,06
14 18.20 19.89 9.29
15 20.51 22.58 10.09
16 23.47 26.06 10.82
17 27.62 30.79 11.48
18 32.27 36.08 11,81
19 35.94 39.26 9.24
20 38.45 40.33 4.89
21 40,35 4o.0% ~0.77
22 38.25 49.33 5.4
23 33.77 36.51 8.11
24 22,10 23.31 5.48
25 28.22 30.30 7.37
26 28,05 <9.86 6.45
2?7 33.49 37.25 11.23
28 27.98 31.14 11.29
29 21,99 23.98 9.05
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Table XIV

Percentage Variation Between P00l Calculated

Yulnerable Areas Per Snot Using A-10

Computer Model Measured vs. Proiected Vulnerable

Area Data for a rlight Against Gun Location 1

pdermsle pres () # variation
1 18.98 19.96 5.16
2 18,14 18.91 4,24
3 17.54 18.16 3..3
4 17,07 7457 2.93
5 16.74 17.16 2.45
6 16.53 16.89 2.18
7 16,37 16.69 1.95
8 16.25 16.55 1,85
9 16.15 ' 16.42 1.67
10 16.27 16.57 1.84
11 18,24 18.97 4,00
1z 21.32 22.72 6.57
i 25.00 27.20 8.80
11 29.01 32.09 10.62
15 32,76 36.65 11.87
16 37.66 42,61 13.14
17 44,66 51.13 14,49
18 52.61 60.82 15.61
19 59.90 67.55 12.77
20 66.01 71.07 7.67
21 73.37 75.31 2.64
22 74,52 75427 1.01
23 36.90 45,21 22,52




GAW/MC/74-19

Table XV.

E P Percentage Variation Between P00l Calculated
= ; Vulnerable Areas Per Shot Using A-l1l0

Computer Model Measured vs. Projected Vulnerable

4 ; Area Data for a Flight Against Gun Location 2 %

funerels a 00 # variation

1 20.59 22,14 7.53 i

2 19.92 21.39 , 7.38 3

5 3 19.49 20,90 . .23 i

; 4 19.18 20.56 7.19 3

: 5 19.01 20,38 ° . 721 1

6 18.94 20.33 7,34 %

? 18.94 20.37 7455 1

8 18.98 20.45 7.74 %

] : 9 19.07 20,60 8.02 i

L 10 '19.36 21.00 8.47 i

D 11 21.30 23.41 9.91 3

) 12 24.53 27,40 11.70 :

e ) 13 28.38 32.16 13.32 :

14 32,75 37.59 14.78 g

] 15 36.82 42,67 15.89 g

16 42,00 49,16 17.05 g

17 49.20 58,20 18.29 i

= 18 57,10 68,20 19,44 :

: 19 634k 74,16 16.90 ]

= 20 68,00 76.14 11.97 §

21 70.92 75.51 6.47 g

22 63.10 76410 10.13 :

23 55,07 68,42 15.83 :

24 35.84 42,96 19.87 g

25 46.81 56.45 20.59 ;

) 26 46.49 55.57 19.53 d

= . 27 65.52 70.70 7.91 i
< 28 52,42 58.71 12,00

39.59 44,93 13.49
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. Table XVI.
= 9 Percentagce Variation Between P00Q) Calculated
; Vulnerable Areas Per Shot Usinz A~10
: Measured vs. Projiected Yulnerable Area
Data for a Flight Against Gun Location 1
% Shot g?igziigle §§§§e§¥:§ % Variation
- 1 19.09 20.44 7.60
g 2 18.28 19.34 5.80
! 3 17.70 18.56 4,86
: i 4 17.25 17.96 4,12
5 16.93 17.54 3.50
: 6 16,72 17.25 3.17
i 7 16.57 17.05 2.90
: 8 16.46 16.90 2.67
: 9 16.37 16.77 2.44
! 10 16.48 16.92 2,67
hy 11 18,31 19.39 5.90
12 21.17 23.24 9.78
= 13 24,58 27.84 13.26
14 28.31 32.86 16.07
15 31.79 37.54 18.09
= 16 36.34 43,66 20,14
| 17 42,84 52.41 22,34
18 50.22 62.36 24,17
19 57.96 69.28 19.53
20 65.43 72.91 11.43
= 21 74,41 77.28 3.86
22 75.94 77+25 1.73
23 39.42 47.59 20.73
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Table XVII.
Percentage Variation Between PO0Ol Calculated

Vulnerable Areas Per Shot Usinz A-10

Measured vs. Projected Vulnerable Area

Data for a Flight Against Gun Location 2

Vulnerable Area (M2)

% Variation

64

Measured Projected
1l 20.82 22.75 9.27
2 20,26 22.01 8.64
3 19.90 21.52 8,14
4 19.65 21.16 7.79
5 19.53 21.01 7.58
6 19.50 20,97 7.54
7 19.54 21.03 7.63
8 19.61 21.13 7.75
9 19.74 21.30 7.90
10 20.06 21.72 8.28
11 21.91 24,21 10.50
12 24.97 28.32 13.42
13 28.63 33.24 16.10
i 32.80 38.84 18,41
15 36.72 4,10 20.10
16 41,73 50,81 21.76
17 48.71 60,17 23.53
18 5€.47 70.53 24,90
19 63.71 76.76 20,48
20 69.19 78.8¢ 13.98
21 72.38 78.31 8.19
22 70.13 78.84 12,42
23 60,11 71.32 18,65
24 38455 bs.b7 17.95
25 48,70 59.15% 21.48
26 48.41 58.31 20.45
27 65.54 72.85 11.15
28 52.95 60.85 14,92
29 40,94 46.82 14,36
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APPENDIX B

A Computer Program for Rotating and
Plotting Geometric Shapes

General

A computer program is developed for use with the Hewlett
Packard Model 9810 Calculator and attached Model 9862A Cal-
culator Plotter toc locate a specified geometric shape in any
desired orientation in a three-dimensional coordinate system,
to rotate about the gystem to any aspect of azimuth and ele-
vation, and to plot the shape for that aspect. This capabil-
ity is needed to produce the necessary 26 views of these geo-
metric shapes, so that the presented areas can be accurately
measured for comparison with projected area data., The program
is based upon Euler angle transformations. These transforma-
tions are used both to initially orient a shape through rota-
tion from a base orientation in the computer program and to
rotate about the coordinate system in azimuth and elevation
to any desired aspect,

Five geometric shapes are included in the program - a
parallelepiped, a pyramid, a sphere, a cyliinder, and a cone.
The axis system used .nd the five shapes are shown in their

basic orientation with respect to the axis system in Fig. 6.

Transformations

In crder to be able to orient any of the shapes in the
program in a different attitude thaa its base orientstion, the

figure must first be mcoved to the origin. This is done by

66
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the use of the negative identity matrix.

Multiplying this

matrix times the base coordinates of the figure translates it

to the origin. The operation is

-1 0 o] [x, X| X #X]
0-1 0f (Y 2> + (Y "= ({-Y +Y (7}
0 0-1| |z 2 2,2

where ) Yoo and Z, are the coordinates of the lower left
corner of the parallelepiped or pyramid, or the coordinates
of the center of the circular base of the cone or cylinder.
X, ¥, aud Z represent any other point in the flgure.

Now that the figure is at the origin it can be rotated
about any or ail of the axes to a new orientation. This op-
eration involves multiplying by a transformation matrix made
up of rotations of angle ¥ about the Z axis, -8 about the Y
axis, and £ about the X axis (Ref 2:1332-336). The rotation
about the Y axis is made negative to agree with the conven-
tion of the system rotation matrix used later in the program.

This rotation matrix is

3311 %1z %13
8 222 323 =
a a

%30 %32 %33
[ cosyicose sinjcose
~sinkcosg coslcosg
~cosysinSsingd -sintsin6sing
~sinysing -cosysing
;—cos%siuécosﬁ ~ginysinecosg

67
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Now the shape is rotated by multiplying by the A matrix:

[ _
237 332 233 ‘xc"X\
a0 8 853 “Y Y =

311‘°Xc+x) + alz(-Yc+Y) + alj{-zc+£) 1

8,y (=X #X) + 2 ,(-Y +Y) + a23(-Zc+Z) (9)

22!

aBl(-xc+x) + 332(-YC+Y) + a33(-zc+z)J

Once the ¢bject is rotated it must now be translated back to

it

its original location with respect to the origun. This is

oy

done by adding the base coordinates to the rotated coordinates

of Eq. (9)c

Pt

W
LY

D

The coordinates now become

- an(-xg-r){) + alzi-Yc-l-Y) + an(-zc-i-z) + X, g1\
] azl(-xc+X} + azz(-Yc¢Y) + a23{-2c+2) + Y, = g, ‘ (10)
3 ajl(-xc+x) + a32{-Yc+Y) + 333(-zc+z) + 2, 85 )

The final operation is to rotate the system to the desired

= aspect of azimuth (a) and elevation {B). This requires the

A

: following matrix:

E
E . b3y blz v13 cosocosp sinacosg sinpg

é §21 bzz b23 = l-sing cost 1]

3 %:3 531 b32 b33 | [cosasins -sinasing m}sa“i
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Here the convention is that Wy is positive counterclockwise
and ¥ is positive in a clockwise rotation to agree with the
normal sign cconvention for azimuth and elevation about the
aircraft. When the matrix of Eq. (11) premultiplies Eq. (10),

the resulting 3 x 1 matrix contains the coordinates of the

rotated system. They are
Ap = D13&; *+ D18y + Dy (12)
p = Pg18) * D8y + byag, (13)

¢ = D318y * D38y + D33 (1%)

These operations are programmed so that {he geometric
shapes can be plotted randomly. This allows modeling to be
done, since the shapes can be placed in any position to cor-
respond to a critical component in an airecraft. In this way

any view can be obtained and the presentnd area found simply

and quickly.

Program Operations

A simplilizd program flow chart is shown in Fig. 19.
The base coordinates cf the figure %o be uirawn are entered
first. Then W, 8, and & are input to perform the necessary
rotations of the base figure at the origin in order to repre-
zent the desired attitude, For example, the base attitude cf
the cone in the program is with the axis parallel to the -X
axis. If a cone is .u be represented with its axis parallel

to the Z axis. the iase cone must be rotated 90 degrees about
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Encels Xc, Yc, Z

¥,

Ry

1Calculate the a and b
lRotation Matrix Elements

Nt

Shape Program

Identifier

g

Select the Proper Shapes Prograrn

Calculate Transformation Coordinates

IT' ZT

l

]

.

Plot Shape

)

-}

Figure 19.

Geometric Shape Program Flow Chart.
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the ¥ axis, or & = 90 degrees.

Next, a and B are entered into the program to rotatz the
observar to the desired viewing aspec¢i. The a and b matrices
are automatically calculated once the angle data is entered.
There is a subprogram for each geomztric shape and these sub-
programs are identified by a numerical designator. When this
designator is entered into the calculator, the associated
shape subprcgram is selected. The necesasary parameters for
the particular shape are entered and the program calculates
the transformecd coordinates and plots the figure.

The parameters needed for the parallelepiped are length
(AX), width (DY), and height (AZ). The parallelepiped is
automatically drawn using a sequence of counters to direct
the plotting pen to draw the three orthogonal edges of the
figure from four of the eight corners of the figure.

The pyramid sutprogram requires five parameters. These
are the base length (A X), base width (AY), height to apex
(h), X coordinate of the apex (XA)' and the Y coordinate of
the apex (YA)‘ The pyramid is automaiically drawn following
the input of this data.

The cone parameters are the radius of the base (r) and
the height (h), while the cyliinder requires radius (r) and
length (1) These two subprograms are similar in operatiorn
because they involve a circle drawing sequence for the bases
of each figure., The Y and Z coordinates around the circls

are incremented by 30 degrees.

Smaller incremewts can be used

to obtain the desired fineness of curvature,
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The sphere subprogram is just a circle drawing sequence,

gince the sphere projects as a circle in 211 views,

The sphere
3 parameter is the radius (r).

When plotting this figure the
circle must be rotated about the origin to the proper aspect

i
i s

such that when the system is rotated in azimuth and elevation

to a selected aspect the circle will be parallel to this aspect

planz. This is accomplished by entering valves of § and €
that are opposite in sizn to the aspect a and B angles. An

é : excepiion to this algorithm occurs when the desired aspect is ]

90 degrees in azimuth and some noa-zes,o value of elevation.

In this case, the negative value of azimuth is entered as ¥,

but now the negative rotation of aspect elevation must be

entered as @ to obtain the correct representation of the cir- 9
;9 cle,

A& subprogram is also included which transforms input x, ' E
y,2 vosition coordinates through a desired azimuth and ele-

vation rotation and displays the X and Y transformed coordi-

nate values, This feature is used to determine the minimum
and maximum values of X and Y for a particular aspect. These f%
values are required to be input to the calculator prior te

plotting a figure and are used to correctly compute the scale
factor for the plot.

Tris program is very flexible and can be used four a va-

riety of purposes. The geometric shapes can be combined to

form complex shapes for rotation and translation in a system.

Other geometric shapes could be added to *those already in the
programs.

I+ could be used in limited wvulnerability studies

72
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- ) of aircraft components to determine presented area accurately F-
and to show shielding effects by other components for any view.

A program listing is included in this section. : 4
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Pigures of the Major Views of the OV-10
, and A-10 Models 2nd the Views of the
j Combination of Shapes
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Figure 20. The OV-10 Computer Model Aircraft: View 1k.
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Figure 21. The 0OV-10 Computer Model Aircrsft: View 16.
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The OV-10 Computer Model Aircraft: View 26.
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Figure 23. The A-10 Computer Model Aircraft: View 14.
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Figure 2lj. The A-10 Computer Model Aircraft: View 16.
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The A-10 Computer Model Aircraft: View 26.
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Combination of Shapes: View 1i.
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Figure 26.
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Figure 27.
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Combination of Shepes: View 16.
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Figure 29. Combinstion of Shepes: View 17.
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Combinetion of Shapes: View 22.
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Combination of Shepes: V

Figure 32.
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Combinstion of Shspes: View 8.
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-~

GAW/MC /7419
Figure 26.
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£ Shsapes: View 26.
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